Diabetes mellitus has been identified as an important risk factor in the development of atherosclerosis, independent of other risk factors, such as hypertension and hyperlipidaemia [1] . The reason for the accelerated atherosclerosis is still a matter of debate, with various mechanisms being discussed, such as disorders in coagulation and fibrinolysis [2] , hyperinsulinaemia [3], the formation of advanced glycation end products by non-enzymatic modification of proteins [4] and the glycation and/or oxidation of lipoproteins [5] . Recently, considerable attention has been drawn to the latter mechanism [6], with clear evidence that the oxidation of LDL ± considered a key event in the initiation and progression of atherosclerosis ± actually occurs in vivo [7] . According to the responseto-injury hypothesis, oxidatively modified LDL leads to an increased adherence of monocytes/macrophages, which are transformed into foam cells because of lipid accumulation and, with T cells and smooth muscle cells, finally form fatty streaks [8] . In addition to its chemotactic properties for circulating monocytes, oxLDL can be directly cytotoxic, it inhibits the motility of tissue macrophages, it is capable of altering gene expression, and it can adversely affect coagula- Diabetologia (1998) 41: 350±356 Autoantibodies to oxidised low density lipoproteins in IDDM are inversely related to metabolic control and microvascular complications
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Summary Diabetes mellitus is associated with an increased risk of atherosclerosis. The oxidation of lowdensity lipoproteins (LDL) is considered a key event in the initiation of atherosclerosis. To investigate LDL oxidation in vivo we measured autoantibodies to oxidised LDL (oxLDL) in 94 patients with insulindependent diabetes mellitus (IDDM), compared to 27 age-matched, healthy control subjects. Patients and control subjects were screened for autoantibodies using a solid phase ELISA, comparing the binding to oxLDL with that to native LDL (nLDL). In patients with IDDM the oxLDL/nLDL antibody ratio was significantly higher than in control subjects (means ± SEM: 2.24 ± 0.26 vs 1.17 ± 0.17, p < 0.03). Antibodynegative patients had a longer diabetes duration (13.5 ± 1.3 vs 9.1 ± 1.1 years, p < 0.01) and higher actual and mean HbA 1 c levels compared to antibodypositive patients (8.8 ± 0.2 vs 7.9 ± 0.2 %, p < 0.005 and 8.3 ± 0.2 vs 7.7 ± 0.2 %, p < 0.03; respectively). In patients with a high microangiopathy score, the antibody ratio was lower than in patients without complications (1.04 ± 0.10 vs 2.40 ± 0.29, p < 0.01). OxLDL specific immune complexes were found exclusively in antibody-negative as compared to antibody-positive patients (18.3 vs 0 %; p < 0.01). Our data demonstrate an inverse relationship between free oxLDL antibodies and the severity of the disease. This apparent paradox can be explained in part by our demonstration of oxLDL immune complexes, masking free antibodies. [Diabetologia (1998) 41: 350±356] Keywords Autoantibodies, oxidised LDL, diabetic late complications, atherosclerosis, immune complex, insulin-dependent diabetes mellitus. tion pathways as well as vasomotor properties of coronary arteries [9] . The comparison of the oxidative modification of LDL in different individuals relies on two methods: the assessment of the susceptibility of isolated LDL to oxidation in vitro [10] , and the quantitation of oxLDL in vivo. OxLDL has been demonstrated in peripheral blood [11] . However, given the high antioxidant capacity of human plasma, it seems probable that LDL in the subendothelial space is more prone to oxidative modification than circulating LDL. The oxidative modification of LDL that occurs in vivo generates antigenic epitopes within LDL that may trigger an autoimmune response, even in healthy persons [12] .
High titres of autoantibodies against oxLDL (oLAb) have been detected in the plasma of patients with essential hypertension [13] , non-insulin-dependent diabetes mellitus (NIDDM) [14] , coronary heart disease [12] , carotid atherosclerosis [15] and chronic renal failure [16] . In experimental mouse models of atherosclerosis high titres of autoantibodies against MDA-LDL were demonstrated as well as oxidationspecific epitopes within atherosclerotic lesions [17] . Detection of oLAb has therefore been proposed as an indirect marker of LDL oxidation actually occurring in vivo [15, 16] . Less information exists about the significance of LDL-containing immune complexes (IC) in atherogenesis. However, LDL-IC in vitro not only are even more effective than modified lipoproteins in inducing the transformation of human macrophages into foam cells [18] , but are also able to activate macrophages with subsequent induction of the release of free oxygen radicals as well as inflammatory cytokines, such as interleukin 1-b and tumour necrosis factor alpha (TNF-a) [19, 20] .
Patients with diabetes are exposed to increased auto-oxidative glycation reactions [21] as a consequence of the combined action of increased oxidative stress and hyperglycaemia. Products of free radical reactions, such as peroxidative modifications of unsaturated lipids, were found to be elevated in diabetic patients with signs of microangiopathy [22] . Thus, LDL is progressively altered by oxidative modification in diabetic patients [23] . Also, it was demonstrated that LDL-glycation is enhanced in diabetes [24, 25] and that it correlates with parameters of metabolic control [26] . Moreover, in vitro data suggest an increased susceptibility of LDL to oxidation in insulindependent diabetes (IDDM) [27] and NIDDM [28, 29] . In plasma of patients with NIDDM high titres of oLAb were found [14] . However, data dealing with LDL-oxidation in vivo in patients with IDDM are scarce [30] . In this study we measured autoantibodies directed against oxidatively modified LDL as well as oxLDL containing immune complexes in 94 consecutive patients with IDDM without clinical evidence of macrovascular disease. The aim of our study was therefore to assess the oLAb status in patients in a potentially preclinical atherosclerotic state. In addition, we analysed the relationship between oLAb and metabolic control as well as microvascular complications, such as retinopathy and incipient nephropathy.
Materials and methods
Study subjects. Ninety-four patients with IDDM, as defined by the National Diabetes Data Group [31] , and 27 healthy control subjects were recruited from the patients and the staff of the Department of Medicine 1, Rudolfstiftung Hospital, Vienna. Demographic and metabolic data of patients and control subjects are summarized in Table 1 . The study was performed in accordance with the principles of the Declaration of Helsinki, 1979. Patients with clinically overt macrovascular disease (history of previous myocardial infarction, angina pectoris, peripheral obstructive disease, brain transitory ischaemic attack or stroke; ischaemic ECG changes; overt nephropathy) were excluded from the study. Information about microvascular disease was available for 83 patients for retinopathy and 94 for incipient nephropathy (albuminuria). Data on retinopathy was obtained by direct ophthalmoscopy with mydriasis. A score for microvascular complications was defined by giving nonproliferative retinopathy and microalbuminuria 1 point each and proliferative retinopathy and macroalbuminuria 2 points each.
Clinical laboratory measurements. Routine blood chemistry was determined by an American Monitor Parallel Analyser (Richmond, Va., USA). HbA 1 c was measured using an HPLC technique (Biorad; Diamat, Hercules, Calif.; normal range 4.5±6 %). In 91 patients at least 2 HbA 1 c measurements (range: 2±27) were performed at least for a period of 6 months (range: 6±84). The mean value of the repeated HbA 1 c measurements as well as the actual HbA 1 c value were considered for analysis. Urinary albumin excretion rate (UAER) was measured by an immunoturbidimetric test (Tina-quant; Boehringer Mannheim, Mannheim, Germany). Microalbuminuria was defined as UAER of 30±300 mg/24 h and macroalbuminuria as an UAER of over 300 mg/24 h in at least 2 of 3 consecutive measurements. All patients had serum creatinine values within the normal range.
Detection of autoantibodies against oxidised LDL (oLAb).
Patients and control subjects were screened for oLAb using a solid phase ELISA. Wells were coated either with oxLDL or with native LDL. LDL was isolated from blood of healthy individuals by sequential ultracentrifugation. Oxidation of LDL (kindly donated by Professor H. Esterbauer, Graz, Austria) was performed with 5 mmol/l Cu + + . Plastic wells were coated with a solution of nLDL or oxLDL (25 mg/ml) in 0.15 mol/l carbonate buffer, pH 9.6. The wells were incubated for 24 h at 4°C. After removal of coating solution and washing, the wells were incubated for 2 h at room temperature with blocking buffer (1 % human serum albumin (HSA) in phosphate buffered saline (PBS), pH 7.4). Dilution of sera was 1:50 using PBS, pH 7.4, 1 % HSA. As a second antibody, antihuman Ig from rabbits was used in peroxidase-labelled form (1:1000). As chromogenic substrate 2,2 ¢-azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) was used. Since some sera showed non-specific binding of Ig to the oxLDL coated solid phase, we compared binding of oxLDL with that obtained in nLDL wells. Thus, antibody titres are ex-pressed as the ratio between the photometric readings of antioxLDL and anti-nLDL. The ELISA result was defined as positive if the binding ratio oxLDL/nLDL exceeded the mean value of control subjects + 2 SEM (1.5). To prove the specificity of oLAb we performed inhibition experiments using oxLDL or nLDL as inhibitors. Sera were diluted 1:50 using PBS, pH 7.4, 1 % HSA and incubated at 37°C for 60 min and 4°C for 16 h with 200 mg/ml oxLDL, nLDL or without inhibitor in the presence of 0.2 mmol/l EDTA. These samples were then analysed for oLAb as described above.
Preparation of oxidised LDL. Prior to oxidation, LDL samples were dialysed overnight against PBS and then incubated with 5 mmol/l Cu + + for 24 h at 37°C. Oxidation was stopped by addition of 20 ml 0.1 mol/l EDTA per ml LDL solution, followed by dialysis against PBS containing 0.2 mmol/l EDTA at 4°C for 24 h. The degree of LDL oxidation was verified by the following criteria: content of dienes and MDA equivalents, electrophoretic shift and apolipoprotein B breakdown. Diene concentration was determined as described by Dimitriadis et al. [32] , giving a value of 400 nmol × l ±1 × mg ±1 LDL. The thiobarbituric acid reactive substances (TBARS) method was performed as described by us in a previous paper [33] , resulting in 25 nmol malondialdehyde (MDA) equivalents per mg LDL. The electrophoretic mobility of native and oxidized LDL was compared by agarose gel electrophoresis at pH 8.6 in 60 mmol/l barbital buffer (60 V, 30 mA, 1 h) using the Lipidophor chamber (Immuno AG, Vienna, Austria). After fixation, the separated bands were stained using Amido Black 10 B (Sigma, St. Louis, Mo., USA). The electrophoretic shift was expressed as relative electrophoretic mobility, which was 1.9 for oxLDL. The oxidative degradation of apolipoprotein B was determined as described by us [33] .
Detection of circulating immune complexes. Circulating ICs were quantitated using a commercial assay for C1 q binding immune complexes (Quidel, San Diego, Calif., USA). To exclude interference by anti-immunoglobulin antibodies with the IC assay we determined the concentration of IgA-, IgGand IgM-rheumatoid factors using an ELISA method, showing the absence of anti-immunoglobulin antibodies in all our subjects.
Detection of oxLDL immune complexes (oxLDL-IC). We developed a solid phase ELISA for circulating oxLDL-IC using an immunochemical bridge for immobilising polyclonal antibodies directed against oxLDL. NUNC maxisorp 96 well plates (Nunc, Roskilde, Denmark) were coated with goat anti-rabbit IgG-Fc (Dianova, Hamburg, Germany), the ªbridging antibodyº, diluted 1:50 with PBS containing 0.4 % bovine serum albumin (BSA) and 0.02 % sodium azide (PBS-BSA). Coating was done by incubation for 30 min at 37°C and 40 h at 4°C. After washing with PBS-0.1 % Tween anti-ox-LDL serum from rabbit (Elitec, Vienna, Austria), absorbed with nLDL to eliminate anti-LDL specificity, was added at a dilution of 1:100, which corresponds to the maximal binding capacity of these antisera for oxLDL. This was verified in previous titration studies using oxLDL-coated wells as solid phase. Incubation was as described for the bridging antibody. 1:20 diluted sera were incubated with the solid phase for 2 h at room temperature, peroxidase-labelled anti-human IgG (Amersham, Amersham, UK), diluted 1:1000 with PBS-1 % BSA, was added after thorough washing, incubated for 1 h at room temperature and peroxidase activity was determined using ABTS as substrate. OxLDL-IC positivity was defined as a value exceeding the mean value of non-diabetic control subjects + 3 SD. This assay system does not detect general IC; i. e. non-oxLDL-IC, as verified by testing sera which were highly positive in the commercial IC-ELISA.
Assessement of GAD autoantibodies. GAD 65 antibodies were determined with a commercial ELISA (Diaplets anti-GAD; Boehringer Mannheim) using streptavidin-coated microtitre plates. Results were defined as positive at an antibody concentration of greater than 32 ng/ml. Statistical analysis. Analysis was performed using SAS statistical software. Results are given as mean values ± SEM. Differences between groups were calculated by two tailed Student's t-test and chi-square. Correlation analysis was performed using Kendall's correlation coefficient. p < 0.05 was considered statistically significant.
Results
Patients with IDDM showed a higher oxLDL/nLDL antibody ratio compared to age-matched non-diabetic control subjects (2.24 ± 0.26 vs 1.17 ± 0.17; p < 0.03), while no difference was detected with respect to anti-nLDL antibody titres (OD: 0.240 ± 0.03 vs 0.279 ± 0.06; NS). Absolute anti-oxLDL antibody ti- tres were 0.449 ± 0.06 for patients and 0.252 ± 0.05 for control subjects (p < 0.05). Forty-five patients (48 %) revealed antibodies against oxLDL (oxLDL/nLDL ratio over 1.5 or were positive for oxLDL-IC) compared to n = 5 (19 %) of the control subjects (p < 0.01).
Patients with a positive oxLDL/nLDL antibody ratio ( > 1.5) had a shorter duration of diabetes (9.1 ± 1.1 vs 13.5 ± 1.3 years; p < 0.01), lower actual as well as mean HbA 1 c levels (7.9 ± 0.2 vs 8.8 ± 0.2 %; p < 0.005 and 7.7 ± 0.2 vs 8.3 ± 0.2 %; p < 0.03, respectively) and younger age (27.8 ± 1.2 vs 34.3 ± 1.3; p < 0.001) as compared to antibody-negative patients. No significant difference could be detected with respect to sex and serum lipids ( Table 2) . OLAb were inversely related to metabolic control. In patients with an actual HbA 1 c 9 % or lower (n = 67) oxLDL antibody ratios were higher than in patients with an actual HbA 1 c over 9 % (n = 27): 2.53 ± 0.33 vs 1.52 ± 0.34; p < 0.02. The prevalence of oxLDL antibody positivity showed a continuous decline in patients with good (HbA 1 c < 7 %) vs mean (HbA 1 c 7± 9 %) vs poor (HbA 1 c > 9 %) metabolic control (percentage of antibody-positive patients: 57.1 vs 39.6 vs 18.5 %, p < 0.05). Actual HbA 1 c was inversely related to the oxLDL/nLDL antibody ratio (r = ±0.19, p < 0.01; Fig. 1 ).
The oxLDL antibody status was also inversely related to microvascular complications: in patients with a low microangiopathy score ( < 2) the oxLDL antibody ratio was higher than in patients with a score of ³ 2 (2.40 ± 0.29 vs 1.04 ± 0.10; p < 0.01; Table 3). Microangiopathy was found more frequently in oLAb negative patients: 42 patients had a score of 0, n = 7 had a score of 1 and n = 11 had a score over 1 vs n = 29 (score 0), n = 5 (score 1) and n = 0 (score > 1) in oLAb positive patients (p < 0.03; Table 2). In patients, the oxLDL antibody ratio was inversely correlated with age (r = ±0.17; p < 0.02; Fig. 2 ). In the entire study population (patients and control subjects) the oxLDL antibody ratio correlated with HDL-cholesterol (r = 0.17, p < 0.02) and inversely with age (r = ±0.14; p < 0.03).
In addition, the specificity of oLAb was established by competitive assays as described under methods. We studied 30 patients with a positive ox-LDL antibody status. The degree of inhibition observed with oxLDL as inhibitor was 48.9 ± 6.4 vs 19.3 ± 2.7 % using nLDL as inhibitor (p < 0.01). These results indicate a specific inhibition of oLAb by the antigen. To clarify whether oLAb are masked in vivo by IC formation we determined circulating IC and IC containing oxLDL as antigen. Circulating C1q-binding IC were found in 4 patients with a positive oLAb ratio, in 10 antibody-negative patients and in none of the control subjects. None of the 34 antibody-positive patients was positive for oxLDL-IC compared to 11 among antibody-negative patients (0 vs 18.3 %, p < 0.01). The majority of oxLDL-IC positive patients (8/11) also demonstrated C1 q positive IC. The ox-LDL/nLDL antibody ratio was inversely correlated with oxLDL-IC (r = ±0.31, p < 0.0001; Fig. 3 ).
The prevalence of GAD antibody positivity was 30 %. There was no significant relationship between GAD antibody status and oxLDL antibody status (data not shown).
Discussion
Our data show that sera of patients with IDDM contain antibodies to oxidised LDL to a much higher extent than age-matched healthy individuals. The inverse age dependency of oLAb found in our IDDM population reflects a similar correlation in normal individuals [34] and might be explained by an increased binding of the antibodies to subclinical atherosclerosis lesions and/or by the regression of autoantibody production with increasing age or disease duration. To our knowledge, this is the first study assaying oLAb in free and immune complex-bound form in patients with IDDM. The specificity of the antibodies Data are expressed as mean ± SEM a Mean value of repeated measurements was established by two independent criteria: (a) by comparing the relative binding of oxLDL compared to nLDL and (b) the competitive inhibition of oLAb binding to the solid phase by soluble oxLDL. The broad range of inhibition obtained (17±100 %) seems logical, as in vitro prepared oxLDL differs in its epitope spectrum from in vivo generated oxLDL. Therefore, the degree of inhibition is not predictable and depends on how much the artificial oxLDL corresponds to the epitope pattern displayed on in vivo oxidized LDL eliciting the antibody response. Even minor modifications render LDL immunogenic [35] .
Copper-catalysed in vitro LDL oxidation, however, represents a major LDL modification. As shown by Preobrazhensky et al. [36] binding of monoclonal antibodies to LDL depends on LDL oxidation time. Thus, antibody binding to LDL during in vitro LDL oxidation can increase, decrease or remain unchanged. Similar mechanisms could apply to polyclonal autoantibodies found in IDDM sera. Patientspecific differences in oxLDL antibody affinity may also be responsible for differences in the inhibitory capacity of in vitro produced oxLDL. However, apart from the fact that they contain MDA-groups, the exact nature of the epitopes generated by oxidative modification of LDL is unknown and epitopes may be distributed among multiple apo B fragments. Contrary to what might be expected, we observed a negative correlation between the oLAb ratio and metabolic control. An inverse relationship between HbA 1 and oLAb in IDDM patients was also found by Korpinen et al. [30] . In addition, in our study patients with longstanding disease as well as microvascular complications presented with lower antibody titres. According to these results, oLAb therefore do not seem to be of value in predicting the progression of an already established atherosclerosis in patients with IDDM, as long as only free oLAb are measured. However, our detection of oLAb in IDDM patients without clinical evidence of atherosclerosis, the observation of Bellomo et al. [14] of high oLAb titres even in NIDDM patients without clinical evidence of vascular lesions as well as the finding by Virella et al. [12] of oLAb in asymptomatic young adults indicate that the immune response to modified LDL can precede clinical evidence of atherosclerosis.
The reasons for an inverse correlation between oLAb and the severity of the disease could be (a) formation of circulating immune complexes ªhidingº free oLAb, supported by our finding of an inverse relationship between free oLAb and oxLDL-IC and (b) binding of oLAb to epitopes on oxLDL exposed by atherosclerotic lesions and oxidized cell membranes. Only in IDDM patients with poor metabolic control has increased susceptibility of LDL to oxidation been described [26, 37] . Accordingly, we were able to demonstrate circulating oxLDL-IC predominantly in the less well controlled patient group, using a new method for the detection of such IC. It is therefore reasonable to assume that in patients with poorly controlled diabetes free oLAb form more readily and are masked partly in immune complexes with circulating oxLDL and therefore cannot be detected by our ELISA for oLAb. This suggestion is bolstered by our finding of an inverse correlation between oLAb titres and immune complex levels, as shown in Figure  3 , indicating that with increasing presence of immune complexes plasma concentration of free oLAb subsides. The transient reduction of oLAb in patients with acute myocardial infarction has also been ex- plained by IC formation [38] . In the large majority of patients these oxLDL-IC could activate complement via the classical pathway and interacted with C1q; i. e. were found in patients also showing IC in the classical IC assay using C1q-coated solid phase. Although in vivo such complexes are probably bound to a large extent by erythrocytes and ingested via F c -gamma receptors by monocytes/macrophages [39] , free LDL-IC have been detected in the circulation of patients with manifestations of atherosclerosis [40, 41] . In IDDM, the selective destruction of pancreatic beta cells is associated with both cellular and humoral autoimmunity as a function of HLA class II genes. Islet cell antibodies, insulin autoantibodies and anti-GAD 65 antibodies have been documented at or before clinical diagnosis and may predict IDDM. The lack of a significant correlation between oLAb and anti-GAD, found in our population, could be explained by the different nature of the respective antigens: Thus, GAD is a major target antigen in IDDM, while oxLDL is a ªbystanderº antigen indicating increased oxidative stress characteristic of diabetes and leading to accelerated atherosclerosis. Furthermore, even antibodies to the different islet autoantigens appear sequentially rather than simultaneously. The evaluation of the role of oxLDL as autoantigen or oLAb as autoantibodies in this sequence of events will therefore require follow-up over a number of years after the first evidence of islet autoimmunity. Although for oLAb data on HLA association and time course of manifestation in free or IC-bound form during progression of the disease are lacking, the general propensity to react strongly with certain autoantigens seen in patients with IDDM suggests that oLAb may be formed at an earlier stage, in higher quantities and with a higher affinity, and thus a higher tendency to form IC, than in NIDDM. This could explain why the inverse relationship between severity of disease and presence of circulating oLAb was not found in patients with NIDDM [14] .
